Many diseases, and cancer in particular, are a consequence of alterations in gene expression patterns leading to deranged biological functions in cells. In cancer, studies over the last four decades have clearly shown that genetic mutations alter the expression and/or function of genes, and that these mutations are a primary molecular mechanism driving the cancer phenotype. More recently, it has become clear that, in addition to DNA sequence mutations, epigenetic alterations can also lead to changes in gene expression in cancers, as well as in other diseases. There is a growing understanding that the epigenome is widely perturbed in most cancers, raising questions about which of the hundreds to thousands of epigenetic alterations are functionally important in cancer. Fundamental questions now being raised are centered on determining how many of the global epigenetic alterations are pathogenic versus how many are simply an indirect consequence of other molecular events in the tumor cells. In order to understand the role of epigenetic regulation and deregulation in disease, mouse models have been developed (or are being developed) to provide systems in which to assess the effect of epigenetic gene regulation on cell behavior and disease states.
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Epigenetic information refers to any heritable change in a cell that does not involve a change in the primary DNA sequence. In the context of cancer research, the somatic epigenetic alterations that have been studied most intensely are those that involve the promoter regions of genes and those that affect, or that are predicted to affect, the silencing of gene expression by changes either in the chromatin structure of the gene (e.g. modification of nucleosomes), or to increased site-specific CpG DNA methylation ( Fig. 1) . In this Commentary, we will focus on DNA methylation, but it should be appreciated that chromatin dynamics and DNA methylation appear to be interdependent in many, if not all, regions of the genome, and moreover, that additional chromatin factors and nucleosome modifications are likely to play a role in the epigenetics of cancer and will ultimately be shown to be as important as DNA methylation in the molecular pathology of cancer (Cedar and Bergman, 2009) .
Generally considered to be the most stable epigenetic mark, DNA methylation is the covalent addition of a methyl group to a cytosine base, generally in the context of a CpG dinucleotide. Two main classes of DNA methyltransferase (DNMT) enzymes catalyze this reaction at different times during the cell cycle. In mammals, the first class of enzymes consists of only Dnmt1, which maintains the pattern of DNA methylation after DNA replication. This enzyme requires a hemi-methylated DNA substrate and will faithfully reproduce the pattern of DNA methylation on the newly synthesized strand. The second, larger class of enzymes is considered to be 'de-novo' DNA methyltransferases, and includes the enzymes Dnmt3a and Dnmt3b. These methyltransferase enzymes appear to be targeted to sites in both cell-specific and temporal manners; however, some evidence suggests that these enzymes have overlapping roles for specific loci in some cell types (Rhee et al., 2000) . In addition, DNA can also be 'demethylated' by a process involving the deamination of cytosine bases followed by replacement of the 'damaged' cytosine with an unmethylated cytosine by members of the base excision repair (BER) system. However, despite an intense search, no direct DNA demethylases have been discovered to date.
The mammalian genome is predominantly methylated with the exception of CpG-rich regions, which are generally found in gene Epigenetics was originally defined as the interaction of genes with their environment that brings the phenotype into being. It now refers to the study of heritable changes in gene expression that occur without a change in DNA sequence. To date, the best understood epigenetic mechanisms are CpG DNA methylation and histone modifications. DNA methylation in particular has been the subject of intense interest because of its recently recognized role in disease, as well as in the development and normal function of organisms. Much of the focus of disease-related research has been on cancer because of the recognition that epigenetic alterations are common in cancer and probably cooperate with genetic alterations to drive cancer formation. Our understanding of epigenetic mechanisms in controlling gene expression has resulted from the study of cell line systems and simple model systems, such as Arabidopsis thaliana. We are now moving into an era of more complex model systems, such as transgenic and knockout mouse models, which will lead to further insight into epigenetics in development and human disease. The current models have revealed complex, tissue-specific effects of epigenetic mechanisms and have further informed our understanding of the role of DNA methylation and histone modifications on disease and development. The current state of these models is the subject of this Commentary.
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promoters and are known as CpG islands. Intergenic DNA methylation helps to silence parasitic genetic elements, such as retrotransposons, and contributes to genomic stability. DNA methylation can also impact gene expression, particularly if the methylation is present in CpG islands, which are found in approximately 50% of promoters. DNA methylation alters gene expression levels primarily through regulating methylation statedependent interactions with transcriptional activators or repressors, and chromatin remodeling enzymes. Several classes of methyl-DNA binding proteins, including factors such as methyl-CpG-binding protein 2 (MeCP2), methyl binding domain protein (MBD) and Kaiso, bind to methylated DNA and repress transcription, either by directly disrupting the formation of the RNA polymerase complex and associated factors at the transcriptional start site, or by recruiting other chromatin modifiers that result in impaired transcription (Tate and Bird, 1993) . These additional modifiers may reposition nucleosomes or induce changes in post-translational histone modification states leading to chromatin compaction and the prevention of RNA polymerase complex formation (Nan et al., 1998; Bakker et al., 2002; Lopes et al., 2008) . In addition, recent work in Arabidopsis thaliana has demonstrated an interdependent anti-correlation between DNA methylation status and occupancy of the conserved histone variant H2A.Z. In differentiated mammalian cells, H2A.Z is generally found positioned over active transcriptional start sites, raising the possibility that one mechanism for gene repression by DNA methylation is the exclusion of this histone in gene promoters (Zilberman et al., 2008) .
DNA methylation -its role in normal cells and disease states
In order to understand the role of aberrant DNA methylation in cancer, it is important to appreciate the state of DNA methylation in normal cells. Normally, DNA methylation has its primary effects on gene regulation during embryonic development, when it can affect organism-wide gene expression, and in differentiation, where its role is restricted to specific tissue types. With regard to the effect of DNA methylation on organism-wide gene expression, this occurs mainly in the context of the germline transmission of heritable epigenetic states. In the germline, a major role of DNA methylation in mammals is to ensure the expression of only one allele for specific genes based on the parent of origin, which is a phenomenon known as imprinting (Kaneda, 2004) . In mammals, failure to methylate and 'imprint' the correct parental allele leads to a spectrum of diseases, including SilverRussell, Beckwith-Wiedemann and Prader-Willi syndromes (Eggermann, 2009) . Two of the best-characterized imprintingrelated diseases are Angelman's syndrome (AS), an imprinted neurodevelopmental disorder caused by maternal 15q11-q13 or ubiquitin protein ligase E3A (UBE3A) deficiency, and Prader-Willi syndrome (PWS), which is a neurobehavioral disorder that results from paternal deficiency of the same chromosomal fragment. The 15q11-q13 region contains a number of imprinted genes that are regulated by an imprinting center (PWS/AS-IC), which contains the functional elements PWS-SRO and AS-SRO. The loss of either the maternal or paternal imprinting center leads to abnormal DNA methylation in this locus and abnormal expression of the affected genes. Consequently, a chromosome pair lacking the paternal PWS-SRO has only the maternal epigenetic modifications and gene expression state, and a chromosome lacking the maternally transmitted AS-SRO (but containing the PWS-SRO) has only the paternal state of epigenetic modifications and gene expression (White et al., 2006; Horsthemke and Wagstaff, 2008) . In addition to developmental disorders, the deregulation of a number of imprinted loci has been implicated in cancer. Examples of this phenomenon include loss of imprinting (LOI) of PEG1/MEST in lung cancer, CDKN1C in pancreatic cancer and IGF2 in colorectal cancer (Iacobuzio-Donahue, 2009; Cui et al., 2003; Nakanishi et al., 2004; Sato et al., 2005) .
Disorders such as AS and PWS demonstrate that the induction of abnormal DNA methylation patterns alone can cause disease. However, it is also clear that proteins involved in binding to methylated DNA are also important for the epigenetic control of gene expression and the regulation of homeostasis of the organism. For example, the importance of methyl-binding proteins in the regulation of gene expression is highlighted by Rett syndrome, an autism spectrum neurodevelopmental disorder caused by loss-offunction mutations in the gene encoding the methyl DNA binding protein MeCP2. These mutations prevent MeCP2 from binding to methylated DNA and recruiting other chromatin modifiers, resulting in the inability to silence specific genes in a subset of neurons during development (Amir et al., 1999) . This disease demonstrates a role for both DNA methylation and the DNAprotein interactions that accompany DNA methylation in the normal regulation of gene expression and, additionally, that inactivation of these processes can cause human disease (Prokhortchouk and Defossez, 2008) . 
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In addition to its role in regulating the expression of imprinted genes, DNA methylation is also important for the epigenetic regulation of gene expression in specific tissues. In contrast to imprinted genes, where only one of the two alleles is methylated throughout all the cells in the organism, genes whose expression is regulated by DNA methylation in specific tissues exhibit biallelic methylation. For example, upon differentiation to muscle cells, stem cell genes such as OCT4 (also known as POU5F1) and NANOG are stably repressed by mechanisms that involve DNA methylation (Shiota et al., 2002; Eckhardt et al., 2006; Li et al., 2007) . In addition to de novo methylation events, demethylation of DNA by the BER system is another mechanism that can alter the epigenetic state of a gene, and this system may be used to prevent methylation of genes required for terminal differentiation while in the embryonic state. For example, two cytosine deaminases, Aid and Apobec1, are coexpressed with embryonic transcription factors, including Nanog and Stella, in pluripotent tissues and appear to function by opposing DNA methylation-induced silencing of these genes in self-renewing cells (Morgan et al., 2004) . Because epigenetic processes are so closely intertwined with normal somatic cell function, it is no surprise that deregulation of DNA methylation can lead to a wide spectrum of diseases.
Importantly, with regards to human disease, deregulation of the mechanisms that control DNA methylation in somatic tissues, and subsequent alteration of DNA methylation patterns, is a common phenomenon in cancer. The aberrant methylation of DNA in cancer appears to be regional and results in both the hypermethylation of CpG islands in the promoter regions of genes, and global DNA hypomethylation (generally in pericentric heterochromatin). The aberrant methylation of gene promoters that is observed in many cancers is believed to contribute to the darwinian evolution of the tumors by favoring the clonal expansion of cells that have acquired the aberrantly methylated genes. This is because DNA methylation in specific promoters can silence tumor suppressor genes such as CDKN2A, DAPK1 and CDH1 (Table 1 ). Methylation of tumor suppressor genes such as these can promote the acquisition of tumorigenic behaviors, such as increased proliferation, escape from apoptosis and enhanced invasiveness (Merlo et al., 1995; Kim et al., 2001; Nakata et al., 2006) . In contrast to hypermethylation of a selected subset of promoters, hypomethylation of heterochromatin can impair the cells ability to silence parasitic DNA elements, such as endogenous retroviral elements, whose expression or movement throughout the genome may lead to cancer formation (Gaudet et al., 2003) . Indeed, global DNA hypomethylation has been correlated with genetic instability, and in somatic cells, this instability can contribute to both mutator phenotypes, which increase the mutation rates in tumors cells, and to large-scale chromosomal abnormalities such as translocations. These phenotypes can ultimately result in cancer by favoring the accumulation of gene mutations that lead to oncogene activation or the inactivation of tumor suppressor genes (Eden et al., 2003; Gaudet et al., 2003; Kim et al., 2004) . Similar to hypomethylation of parasitic elements in heterochromatin, hypomethylation of some gene promoters may increase their expression and cause them to function as oncogenes. For example, hypomethylation and oncogenic overexpression have been observed for NAT1 in breast cancer and CD30 (also known as TNFRSF8) in anaplastic large cell lymphoma (Kim et al., 2008; Watanabe et al., 2008) .
The current paradigm regarding the effect of DNA methylation on cancer formation regards the aberrant methylation leading to cancer as a somatic phenomenon without consideration for the specific cells in a tissue that are being affected by the epigenetic alteration. There is growing evidence to suggest that cancers may originate from alterations of adult stem cells rather than of more differentiated cells. Alternatively, a differentiated cell may be induced to de-differentiate and return to a stem cell-like state through alterations in the epigenetic state of these cells. Adult stem cells are thought to function as long-lived, multipotent and selfrenewable cells that serve to replace cells in a given tissue as needed. One of the best-studied adult stem cell populations is the hematopoietic stem cells (HSCs). These cells reside in the bone marrow and are capable of becoming all types of hematopoietic cells, and some evidence suggests that they can occasionally differentiate into other cell types as well (Uchida et al., 1994; Petersen et al., 1999) . In HSCs, differentiation requires the interplay of a large number of transcriptions factors, and one of these, PU.1, is itself regulated by DNA methylation and can complex with DNMT3a and DNMT3b to methylate a number of targets genes. Consequently, altering the methylation status of the PU.1 promoter can lead to both lymphoma and leukemia. Thus, epigenetic alterations appear to play a significant role in the abnormal regulation of cancer stem cells and may be a dominant mechanism governing this aspect of tumor biology. In order to more definitively address this hypothesis, mouse models will be needed to assess the interplay between stem cell regulation and epigenetic factors in cancer.
Mouse models for the study of epigenetic alterations in disease: focus on cancer and aberrant DNA methylation
Currently, there are two main approaches that have been employed with regards to the use of mouse models to study the role of epigenetic changes in cancer: (1) mouse models that have been genetically manipulated to overexpress or to lack specific genes that are direct regulators of DNA methylation and methylation-related gene expression; and (2) genetic or carcinogen-induced mouse models of cancer with assessment of somatic epigenetic alterations that arise in the tumors.
In the former approach, the creation of mouse models by manipulation of genes that are involved directly in DNA methylation has been complicated by embryonic lethality owing to the fundamental role of DNA methylation in development. Thus, most models developed for direct manipulation of these genes have employed haploinsufficient mice, such as Dnmt1 wt/-mice, or mice that have tissue-specific gene alterations. An example of the former approach combines the Apc Min/wt mouse, a model system for intestinal cancer, with mice that have hypomorphic expression of Dnmt3b or Mbd2. In the Apc Min/wt mice, somatic events occur in the intestines that cooperate with the mutant Apc allele to cause adenoma formation. The double mutant mice lack either the ability to establish new methylation patterns (Dnmt3b hypomorph), or the ability to repress genes that are associated with methylated DNA (Mbd2 hypomorph). This approach has allowed researchers to test the role of DNA methylation in cancer formation and progression. In both cases, the double mutant mice had a dramatic reduction in the progression of the adenomas to adenocarcinomas, suggesting that aberrant de novo DNA methylation is an important COMMENTARY part of the oncogenic process (Eads et al., 2002; Sansom et al., 2003; Lin et al., 2006; Linhart et al., 2007) .
Notably, in contrast to the apparent necessity for DNA methylation in the progression of intestinal cancer in the Apc Min/wt model, depletion of DNA methylation caused by a partial loss of the maintenance methyltransferase Dnmt1 leads to aggressive Tcell lymphomas (Gaudet et al., 2003) . One explanation for the discrepant role of DNA methylation in cancer formation that is observed between these two model systems may be that, in T cells, the early loss of DNA methylation, particularly in pericentric heterochromatin, activates oncogenes or mobilizes retroelements that cause the tumorigenic transition. In addition, mice with reduced levels of Dnmt1 and an impaired DNA mismatch repair system acquire both B-cell and T-cell lymphomas. However, these same mice develop fewer intestinal tumors than mice with impaired mismatch repair systems alone (Trinh et al., 2002) . Thus, perturbation of methylation patterns can have very different outcomes depending on the genes involved and the tissues affected. Consequently, assessing the role of epigenetic alterations in cancer by using mouse models that directly deregulate DNA methylation is likely to be complex and will require a variety of models in order to obtain a full understanding of the role of aberrant DNA methylation in cancer (Table 2) .
A second approach using mouse models to study the effect of epigenetic alterations in cancers is the assessment of somatic alterations in the tumors arising in mouse models of cancer. The majority of these studies have taken a candidate gene approach when assessing for methylation changes in specific promoters associated with known tumor suppressor genes. Other studies have employed a whole-genome approach in an effort to identify methylation changes in an unbiased way. An example of the latter approach is a study of DNA methylation in a mouse model of leukemia, in which transgenes were used to drive the proliferation of T cells. Some of these cells eventually acquired enough secondary (Yu et al., 2005; Opavsky et al., 2007) . In addition to identifying the hypermethylation of known tumor suppressor genes and a number of novel genes, the investigators also noted a non-random distribution of hypermethylated sites in the genome. In these studies, aberrant DNA methylation was not observed in the early proliferative state, but was identified in the established tumors (Table 1) . Interestingly, in contrast to the observation in T cells that aberrant methylation occurs late in the tumorigenesis process, in an epithelial-based model system several important tumor suppressor genes have been observed to be methylated early in tumorigenesis. In an epithelial multi-step tumorigenesis model of squamous cell cancer formation, the tumors are induced and promoted by a chemical exposure protocol that results in discrete cancer stages, allowing an assessment of the events occurring at different steps in the carcinogenesis process. By comparing benign papillomas to invasive carcinomas using epigenetic unmasking techniques, the investigators identified novel tumor suppressors and classified them based on the stage of disease (Fraga et al., 2004; Fraga et al., 2005) . Surprisingly, several tumor suppressor genes, including Cdkn2a, were found to be consistently methylated very early in disease progression, suggesting that methylation of these genes may be crucial to the formation of tumors in this system.
The discrepancy in the results of the two systems outlined above, begs the question: why is there a difference in the observed timing of hypermethylation events and is this difference relevant to human disease? The disparity may reflect biological differences between the tissue origin of the tumors studied (hematopoietic versus epithelial), or the differences may be the result of either the mouse model used and/or of the distinct methodologies for methylation detection. In the cases illustrated above, the detection method used in the epithelial cancer study is likely to be more comprehensive because it does not rely on methylation changes at a restriction enzyme site. RLGS, as with other assays such as methylation beadchip arrays (Illumina), can only detect the methylation state of a defined subset of all the CpG dinucleotides. Consequently, an assessment of the entire epigenome is not possible with these methods, and it is not possible to determine whether the altered methylation states that were detected have any affect on transcription. This is important because many genes that have been identified as hypermethylated in tumors show no change in expression levels between the tumor and wild-type tissues, suggesting that these changes may have no biological role in tumorigenesis (Chen et al., 2005) . Other global methods for assessing DNA methylation rely on either a protein fragment or on antibodies that specifically bind to methylated DNA to enrich for methylated regions of the genome. This method, termed methylated DNA immunoprecipitation (methyl DIP), entails the hybridization of immunoprecipitated methylated DNA to microarrays or deep sequencing of the immunoprecipitated DNA to assess the methylome. This approach is less biased than others, but has its own limitations including low resolution when using microarrays, difficulty in obtaining sufficient coverage when deep sequencing is used, and high false discovery rates (Weber et al., 2005; Irizarry et al., 2008; Hodges et al., 2009) . Thus, the technique used to assess the cancer methylome in these model systems is one crucial factor to include when interpreting the results of studies of epigenetic alterations in mouse models.
In summary, the use of mouse models to assess DNA methylation in disease is an area of investigation that is still in its early stages, but is showing considerable promise for providing insights into human disease. A number of issues will need to be addressed in order to advance this field, including the identification of appropriate mouse models of disease and the identification of the most robust technique for assessing DNA methylation, particularly in relation to technical reproducibility and coverage of the methylome. Studies that address these issues are underway in a variety of laboratories and will lead to mouse models that can be used widely to study the role of DNA methylation in cancer.
